Hydraulic systems, as power source and transmission, offer many advantages over electromechanical or purely mechanical counterparts in terms of power density, flexibility and portability. Many hydraulic systems require touching and contacting the physical environments; and many of these systems are directly controlled by human. If hydraulic systems are passive, they would be safer to interact with, and easier for human to control. In this paper, we describe our current research in developing bilateral passive teleoperated hydraulic machines which a human operator controls via a force feedback joystick. Two key developments are 1) methodologies to passify the electrohydraulic valves as a two-port device, and 2) the passive teleoperation controllers.
Introduction
Many hydraulic systems are required to touch and contact its physical environments, such as in earth-digging, the transport of materials etc. Of these, many are also controlled by human operators on-site via control levers or joysticks. A typical example is a construction worker operating a hydraulic boom-and-bucket to perform an earth digging task. These systems are two-port devices that simultaneously interact and form closed loop systems with both the human operator and the physical environment. It is critical that these systems remain stable and can safely interact with a broad range of environments and human operators. In addition, these systems must be natural and easy for the human operator to control.
Both the safety and the human friendliness aspects of these applications can be enhanced if the system can be shown to be energetically passive. Roughly speaking, an energetically passive system behaves as if it does not generate energy, but only stores, dissipates and releases it. A passive system is inherently safer than a non-passive system because the amount of energy that it can impart on the environment is limited. The well known passivity theorem [1] ensures that a passive system can interact stably with any strictly passive systems, including a wide variety of physical objects and environments. The inherent safety that passive systems afford has been exploited in man-machine systems [2, 3, 4, 5] , and in the passive velocity field control (PVFC) [6, 7] for robotic coordination tasks such as contour following [8, 9] .
Potentially, passive systems are also easier to control. One reason for this is that some form of stable haptic feedback of the environment to the human user, will be quite natural to achieve for a passive system [3] . Moreover, users will be able to use the familiar concept of "power" while reasoning and executing a manipulation task. Based on the observation that passive systems form the basis of almost all artificial learning and adaptive schemes (see [10] and references therein), it can also be argued that, potentially, users can learn to use passive tools more easily.
Previous attempts to improve operation productivity and safety of hydraulic construction equipment from a controls point of view include human remote control with the use of vision feedback investigated in [11] ; supervisory control approaches for autonomous operation investigated in [12, 13] in which the soil / machine interactions are explicitly modeled and taken into account; and the artificial intelligence approach for autonomous operation as investigated in [14] . Teleoperation approach in which direct human control is assumed, was studied both in Europe [15, 16] , and in Canada [17, 18, 19, 20, 21, 22] . The control goal undertaken in the pioneering work on teleoperation of excavators by Lawrence, Salcudean and co-workers at UBC is to install an ideal transparent mapping between the human's interaction with the machine, and the machine's interaction with the environment. Their approaches are mainly based on impedance control (especially hybrid impedance control) with the assumption that the dynamics of the hydraulics can be abstracted after the use of some simple low level control. Because ideal transparency is desired in their approach, some knowledge of the environment impedances must be assumed, as is generally the case. Unfortunately, passivity cannot be guaranteed.
In this paper, we describe our research in developing passive hydraulic systems, especially focusing on the bilateral teleoperation of hydraulic actuators via a force feedback joystick. The objective is to control the telemanipulation system so that it appears to the work environment and the human operator, as if they are both interacting with a common virtual passive rigid mechanical tool after appropriate power and kinematic scalings. This enables the human to be kinesthetically and energetically connected to its work environment. For example, it allows a human operating an excavator to feel as if he is manipulating a spade (but with an amplified power). The control objectives in [3, 23, 24] are similar except that they are concerned with electromechanical, rather than hydraulic, machines. By allowing an intervening virtual mechanical tool between the human operator and the work environment in our problem formulation (so our objective is not to install perfect transparency per se), the human operator can sometimes take advantage of the inertia of the virtual tool. An impediment to the development of passive control schemes for electrohydraulic actuators is that, unlike mechanical and electromechanical systems, electrohydraulic valves are not inherently passive. This difficulty was overcome recently in [25] in which passification methods are proposed, via either structural modification or active feedback control, to render a single-stage four way directional control valve a passive two port device. A passive teleoperation controller can then be developed in conjunction with the passified valve [26] . These results are reviewed in this paper.
The rest of this paper is organized as follow. Section 2 reviews the concept of passivity. Section 3 describes the system models for the various components and presents the system design objective. Methodologies for passifying a 4 way directional control valve are presented in Section 4. Section 5 describes a controller structure that would render the overall system energetically passive. Section 6 describes the derivation of the passive teleoperation control law. Experimental results are shown in Section 7. Discussion and concluding remarks are given in Section 8.
Concept of passivity
A teleoperated hydraulic actuator is a two-port system that interacts with both the human and the work environment. Both the human and the physical environment imparts power onto the system, say P human and P env respectively. If we desire for the human to have an amplified power, we can consider the scaled total power as P env + ρ · P human where ρ is the power scaling factor. Our concept of the two-port system being energetically passive with a power scaling ρ is to ensure that for any human and work environment inputs, and for all time t ≥ 0,
Eq.(1) says that neither the human nor the work environment can extract more net scaled energy than is stored initially (limited by c 2 ).
In the process of developing an overall hydraulic teleoperator system that is passive in the above sense, we also need to consider the passivity of subsystems. In general for a (sub)system with a vector input u ∈ ℜ m and output y ∈ ℜ m , one can define an L 1e integrable function s(u, y) ∈ ℜ which is a generalization of the concept power. We say that a system or subsystem is passive with respect to the supply rate s(u, y) if there exists a scalar c, such that for all input functions u(·), and time t ≥ 0,
For the overall teleoperator system, we seek a control law that renders the entire system passive with respect to a supply rate s(u, v) = P env + ρP human which has the physical interpretation of being the total scaled physical power input to the system.
System Modeling and Control Objective
The hydraulic teleoperation system consists of three subsystems, a direct acting four way directional flow control valve (together with a pump that supplies a constant supply pressure), an ideal one degree of freedom double ended hydraulic actuator, and a motorized joystick. The configuration of the control system is shown in Fig. 2 .
Valve model
We consider a symmetric, matched, critically centered four way directional control valve. Let terms of x v is usually given as [27] :
where C d > 0 is the orifice coefficient, ρ h > 0 is the fluid density, w > 0 is the gradient of the orifice area with respect to the spool position, P s is the constant supply pressure. In normal operation, |P L | < P s so only the first case statement in (3) is commonly used. In the abnormal case sgn(x v )P L ≥ P s , Eq.(3) is valid as long as the valve does not cavitate. Following [25] , we can rewrite (3) into:
A convenient formula for
It can be shown that K t (x v , P L ) is non-negative for all x v and P L . Thus, the valve can be interpreted as comprising an ideal flow source K q x v , and a shunt conductance K t (x v , P L ) (Fig.  3 ).
For the purpose of developing teleoperation controllers, we can identify from Eq.(3), a load adjusted flow gainK
such that
Therefore, whenever |P L | < P s , it is possible to choose (if flow saturation is not encountered), an appropriate x d v to achieve any desired flow Q d L :
We assume that the dynamics of the spool are given by:
where ε is the inertia of the spool, u is the control force. In an actual direct acting proportional control valve, in addition to the control input, u may also include the centering spring forces, as well as spring and damping forces manifested by the steady state and transient flow forces. As will be apparent, these spring and damping forces can be considered part of the proposed passification control law, and thus do not need to be canceled out deliberately.
Hydraulic actuator model
We assume that the hydraulic actuator is an ideal double ended cylinder with area A p . Its flow-velocity and pressureforce relationships are given by:
where x p is the actuator displacement, F env is the environment force acting on the piston, Q L and P L are the flow into the actuator and the load pressure. If Q L is provided by the valve as in Eq.(4), then:
The double ended hydraulic actuator is passive in the sense of (2) with respect to the supply rate defined to be the total physical power input:
Motorized joystick model
A motorized joystick is an inertia with dynamics given by:
where F q is the control force, and T q is the force supplied by the operator. Using its kinetic energy 1 2 Mq 2 as its storage function, it is easy to see that the motorized joystick is passive in the sense of (2), with respect to the supply rate:
which is the total power input to the joystick.
Control objectives
Given a kinematic scaling α ∈ ℜ and power scaling ρ > 0, our goal is to control the hydraulic actuator and the motorized joystick so that 1. the joystick and the hydraulic actuator are coordinated:
2. the closed loop control system is passive with respect to the supply rate:
where Tis the power input by the human operator and −F envẋp is the power input by the work environment. In other words, we require that for any time interval [0,t),
Here, −F envẋp and Tare P env and P human which are the power inputs by the environment and by the human operator respectively and ρ is the power scaling factor in (1).
Passification of the control valve
Four way directional control valves such as the one in Fig. 1 are central to electro-hydraulic technology. From the electrical circuit analogy in Fig. 3 , it is easy to see that the four way valve cannot be passive, as stated in the following proposition.
Proposition 1 For each non-zero fixed spool position x v = 0, it would be possible to manipulate the load pressure P L (t) such that the hydraulic device attached to the valve can extract an infinite amount of energy from the valve:
For control purposes, an electrohydraulic valve can be considered a 2-port device with one port being the command port, and the other connected to the hydraulic device (e.g. an actuator). With this view point, our goal is to achieve a valve which is passive with respect to a supply rate which is a combination of the hydraulic power P L (t)Q L (t) and a pseudo command power S c , to be defined. Typically, S c (·) would depend on the command input force u and some feedback variable. In other words, we would like, for any command and pressure inputs to the valve, and for all times, the following inequality to be observed:
Physically speaking, it is the pump which is supplying the power and is the responsible for the valve not being passive in Proposition 1. It is embedded in the current source in Fig.  3 . Our concept of passifying a hydraulic valve is to control it in such a way that the current source in Fig. 3 behaves like an inductor. If this is the case, spool dynamics would be given by:
i.e. the spool would act like a damper with load pressure and additional control force as inputs. B would be the damping coefficient, and A would be the pressure feedback gain, F x would be the additional command force. Indeed, if we con-
as the energy storage function (equivalent to energy stored in the inductor), then with the spool dynamics (12), we havė
from which it can be shown that
Thus, defining the "command power" by S c (t) =
K q
A F x x v , the valve would be passive in the sense of (11).
Unfortunately, spools have inertia. Therefore, their dynamics are necessarily second order so that the 1st order ideal spool dynamics in Eq. (12) cannot be realized. To overcome this difficulty, we consider the spool dynamics of the form:
where ε > 0 is the spool inertia. These dynamics can be realized by using a force motor to generate the force F x , and using either structural pressure feedback or sensor / actuator feedback to realize AP L . The second order dynamics generate an approximation of the desired spool dynamics (12) because as ε → 0, the slow dynamics is given by:
which is the desired spool dynamics in (12) .
The question we must now address is how the passivity property that results from the ideal spool dynamics (12) can be preserved when the spool dynamics becomes (13) . We propose two methods to ensure the passivity of the hydraulic valve in the presence of non-zero spool inertia. In the first method, we utilize an output redefinition technique which amounts to physically introducing an additional fluid leakage and a stiff interaction spring. In the second method, active feedback control is applied to enforce the passivity.
Structural (Passive) Passification
In this method, we make two modifications to the two-port valve. First, we add an extra leakage with orifice coefficient δ between the fluid chambers (Fig. 4) . This can be done by simply adding an orifice across the outlets, or by punching a hole between the two middle chambers in the valve. The second modification to the valve system is to place a spring with spring constant K between the spool and the actuator that provides the force F x . The outputs of the two-port valve are correspondingly modified to:
Remark 1 1. y, called the interaction displacement for the force F x , is the displacement of the end of the spring at which F x is applied (Fig. 4 ).
It is possible to bound the nonlinear leakage δ by a linear leakage if |P
3. As δ → 0 and 1/K → 0, the modified outputs Q mod and y in (14) - (15) The following theorem states that with suitable leakage δ and spring constant K, the modified valve is passive with respect to a modified supply rate. Moreover, the behavior of the modified valve approaches the behavior of the valve with the first order spool dynamics when the inertia of the spool is small. (14) . Suppose that the spool dynamics are second order and are given by (13) . The two-port valve has the following properties: 1. It is passive with respect to the supply rate:
Theorem 1 Consider the four way directional valve modified by a leakage δ, and an interaction spring K with flow equation given by
if the matrix
is positive definite. Thus, the compliance 1/K and the linear leakage δ M (and hence the nonlinear δ) can be chosen to be arbitrarily small when spool inertia ε → 0.
2. As ε, 1/K, δ → 0, the behavior of the modified valve approaches that of the valve if the spool dynamics are given by the first order dynamics (12) .
The proof of this result is based on a Lyapunov / storage function argument and is quite involved. Readers are referred to [25] for the proof, as well as a precise statement of item 2 of the theorem.
The advantage of the passive passification method is that the structural pressure feedback, as well as the extra leakage and interaction spring can all be implemented by using hardware components. Sensing / actuation is not needed. However, the extra leakage can lead to inefficiency (see [25] for a typical calculation), and the extra interaction spring may introduce sluggishness when using the interaction displacement y as feedback signal. Furthermore, the passive passification method also requires a large spool damping B. This implies that the area differential A for the pressure feedback need to be correspondingly increased to maintain sensitivity. If the pressure feedback is to be achieved using structural feedback, then the spool size must also be increased. The spool inertia may then have to increase even more.
Active passification
To overcome these difficulties, an active feedback method has also been proposed.
We define the spool dynamics to be
where F act is the active passification control to be defined. Let
Then the spool dynamics become:
Now define the control F act to be of the form:
where γ is a positive constant and · denotes the best estimate of the argument.
Theorem 2 Consider the spool dynamics given by (17)
with the control law F act given by (19) .
then the four way two-port valve is passive with respect to the supply rate
The proof of this theorem can be found in [25] .
In the case of the active passification method, there is no need for B to be large. It is however required that the derivative of F x − AP L can be well estimated or bounded. The condition on the gain g 2 (t) in Theorem 2 is similar to that in the design of sliding mode controller. It ensures that the valve dissipates more energy than what estimation error in F x − AP L can generate. (19) , but at the expense of added dissipation.
Remark 2 The passification control requires estimates of the time derivatives of the load pressure P L and of the auxiliary valve command F x . These can be computed from the pressure chamber dynamics and from the teleoperation control (to be designed). In implementation, these estimates are obtained by direct backward numerical differentiation. The error in this estimate is taken care of, while preserving passivity, by the robustness term (second term) in

Remark 3 When the estimate of the termḞ x (t) − AṖ L (t) is accurate, the valve behavior is given by:
Thus, for low frequency operation, the passified valve dynamics are given by: The term −K q B/(Aγ) · z 2 actually represents part of the energy dissipation within the valve. This is an artifact of the specific passification method in Theorem 2. For steady state operation, γx v ≈ z, so this dissipation term can be written as:
Thus, the equivalent spring rate K sp contributes to the dissipation in the passified valve. As will be shown later, this is reflected in the haptics property of the teleoperator.
Recently, we discovered, from a bond graph perspective, that the active passification control law (17) and (19) is just one of many possible ways of passifying the valve. The control laws (17) and (19) generate a bondgraph shown in Fig. 4 .2. By designing other target bondgraphs, other passifying control laws can be obtained, with different dynamic properties [28] .
Structure of Passive Teleoperation Controller
The approach to designing a passive hydraulic teleoperation system is via the interconnection of passive two-port systems with compatible supply rates according to the following key lemma. (Fig. 6) . Suppose that system A is passive with respect to the supply rate
Lemma 1 Consider the two two-port systems A and B with respective port variables
and system B is passive with respect to the supply rate
where γ 1 > 0, γ 2 > 0. Then, the interconnection given by:
A is passive with respect to the supply rate:
As an example, this lemma shows that the interconnection of the passified valve and the hydraulic actuator (Fig. 2) is passive with respect to the supply rate:
The passivity property of a teleoperation controller (Fig. 2) for the passified valve input F x and for the joystick input F q that would generate the desired passivity property of the overall teleoperator system is given by the following corollary. 
where ρ > 0 is a positive power scaling factor, if the controller is passive with respect to the supply rate:
Passive teleoperation controller
In addition to ensuring that the closed loop control system is passive with respect to the supply rate in Eq. (23), the joystick and the hydraulic actuator should also be coordinated up to a kinematic scaling α. Let the coordination error be E := αq − x p . To preserve passivity, our controller will be designed so that it is passive with respect to the supply rate in Eq.(24) as specified by Corollary 1. We shall design the control law to have good coordination performance for relatively slow manipulations, specifically when the passified valve dynamics can be well approximated by the static relationship Eq. (22):
where K sp = γB, is determined by the control used in the passification algorithm in Theorem 2. Roughly speaking, Eq. (22) will be valid if the frequency of operation is lower than B/2ε. If the frequency of operation is higher, coordination performance will degrade but the passivity property of the overall system will still be valid. This will be useful in maintaining some level of safety as afforded by passivity.
If the static valve dynamics (22) 
where λ(t) > 0 will be determined later. Because Q L = A pẋp =K q (t)x v (Eq. (9)), this control law will generateẋ p = λ(t)E + αq, so thatĖ
and E(t) → 0 exponentially if λ(t) ≥ λ > 0.
Next, we design the control law for the motorized joystick. The goal here is to ensure that the controller is passive with respect to the supply rate s controller (·) in (24) as suggested in Corollary 1. If the coordination error
Therefore, after E(t) → 0, the joystick control should be:
The control law to be designed below will generate the joystick control F q that converges to (27) when E → 0.
Dynamic passive control
We now propose a dynamic control law that guarantees that the desired passivity property in Corollary 1 is satisfied. In addition, the control law should generate the valve control Eq. (25) at nearly all times, and the joystick control Eq. (27) after E(t) → 0. The controller contains the dynamics of a fictitious flywheel, with inertia M f and speedḟ (implemented in software), which is used to store energy temporarily. The control outputs and the flywheel dynamic update law are given by:
where
and γ > 0 is a gain. Notice that λ(t) will be strictly positive if |P L | < P s . Moreover, F x will be exactly (25) whenv =ḟ , and F q will be exactly Eq. (27) when E(t) =Ė(t) = 0 and v =ḟ .
Proposition 2
The controller given in Eqs. (28)- (31) is a passive two-port system with respect to the supply rate Eq. (24):
Therefore, by Corollary 1, the overall teleoperator system is passive with respect to the supply rate:
where ρ > 0 is a power scaling factor.
Intuitively, we can think of a virtual spring with spring constant γ is tied between the joystick and the actuator. If we consider the energy in this spring and the energy in the flyhwheel as internal stored energy in the controller,
then, the controller structure in (28) merely shuttles energy between this spring, the flywheel, the hydraulic valve and the joystick.
Initial flywheel speed
If the flywheel speed can be guaranteed to be always larger than the design threshold, |ḟ (t)| ≥ f 0 , ∀t, then the F x entry in the controller in Eq. (28) is the same as Eq. (25). This in turn ensures that the coordination error dynamics are given by Eq. (26) which are convergent. For this to be the case we must be able to set an initial valueḟ (0) such that |ḟ (t)| ≥ f 0 for all t. Suppose that at some time t,ḟ (t) > f 0 . By considering the dynamics of the fictitious flywheel as given by the last row of (28), and utilizing (30), we have
Note also, that whenḟ (t) > f 0 , the control law (28) ensures the coordination error dynamicsĖ = −λ(t)E where λ(t) ≥ 0. This, in addition to the fact that when |P L (t)| is strictly smaller than the supply pressure P s , then there exists a > 0, such thatK q (t) ≥ a > 0, suggests the condition for the choice of initial flywheel speedḟ (0): 
i.e. given initial conditions, there exists c ∈ ℜ, so that for any environment and human input F env (·) and T q (·), and for all times t ≥ 0, 3. as t → ∞, the haptics property of the joystick is given by (36).
Haptics Property and Design Tradeoff
We now investigate what the human operator feels when operating the joystick. Considering the F q row in Eq.(28) and the joystick dynamics Eq.(10), it is easy to show that after convergence of E → 0,
Eq.(36) can be interpreted to be a scaled version of the environment force F env and the operator force T q acting commonly on the joystick with damping. This is consistent with the design philosophy for teleoperation in [3, 23, 24] that the teleoperator should appear to be a rigid mechanical tool to the human operator.
For a lossless two port system with power scaling ρ and kinematic scaling α, the expected force scaling factor is α/ρ. The actual force scaling, however, is
AρK q (t) also increases as sgn(x v )P L increases. These nonlinear effects are due to the fact that as the load pressure increases, the apparent power loss in the passified valve increases and the effectiveness of the valve to deliver flow decreases (because of the shunt conductance K t (x v , P L ) in (4)). Because of the imposed intrinsic passivity, these inefficiencies are experienced by the human operator.
The passified valve's equivalent spring rate K sp in Eq. (22) contributes to the damping and sluggishness of the joystick. Thus, as suggested in Remark 3, K sp corresponds to the power loss in the passified valve. Ideally, it should be small to decrease the joystick damping so as to increase the sensitivity of the human operator in sensing the work environment. Unfortunately, this would compromise the bandwidth in which the low frequency approximation is valid. To see this, consider the passified spool dynamics in (21) . Suppose that they are designed to be critically damped (with γ = B/(4ε 2 )), then (21) becomes:
Hence, the bandwidth of the valve is given by:
so that K sp = B 2 w ε, where ε is the mass of spool in (7). Therefore, for the proposed control method, there is a tradeoff between bandwidth B w and the haptics property which is limited by the spool mass ε (smaller the better).
Experimental results
The proposed teleoperation control scheme was implemented experimentally using a Parker-Hannafin D1FS direct acting proportional control valve and a MTS double ended actuator. The valve outlets are instrumented with pressure sensors. The joystick is actuated by a MicroMo DC motor (Fig. 7) .
In the first set of experiments, the hydraulic actuator is unconstrained (i.e. F env = 0). Figure 8 shows the response of the joystick and the actuator when only the joystick is manipulated by the human operator. The parameters used are B/ε = 30rad/s, α = 3, ρ = 40000. The maximum coordination error is 1.2mm. Notice that the maximum error occurs when the joystick is nearly stationary. This is because of the significant deadband that exists in the valve (see plot of spool displacement in Fig. 8 ).
In the second set of experiments 1 , the hydraulic actuator pushes a tennis ball against a steel block. In this case, ρ = 900, α = 0.15 to emphasize the force reflection property of the control scheme. In this scenario, the human operator first manipulates the actuator towards the tennis ball, and contact is made at about 2sec. The operator then repeatedly pushes on the ball and releases the joystick. Observe, from Fig. 9 , that throughout the experiment, the coordination error is also within 1.1mm. Note that as the contact force (F env ) increases, the spool displacement is decreased due to the pressure feedback in the valve passification control. Notice particularly that after the human has released the joystick, as the tennis bounces back and pushes the actuator backward, the joystick was also sprung back.
Conclusions
A passive bilateral teleoperation control scheme has been proposed for a single degree of freedom electrohydraulic actuator and a motorized joystick. The design method uses an 1 A video clip is available from http://www.me.umn.edu/˜pli/FPCL.htm active feedback passified valve, and uses the low frequency approximation to the passified valve dynamics. The efficacy of the control scheme has been experimentally validated.
Two areas of performance improvements are desirable. Firstly, the coordination performance can be improved if the deadband of the valve can be taken into account, without violating passivity. Secondly, the current control law presents a tradeoff between bandwidth (and hence coordination performance) and the haptics property (in terms of large damping effect). This conflict may however only be an artifact of the combination of valve passification and control methodologies. If alternate passification strategies are adopted (e.g. using the bondgraph technique in [28] ) or a control scheme that takes into account the valve dynamics is developed, this conflict may be overcome.
